Kaposi's sarcoma (KS) is a vascular tumor, primarily consisting of proliferating spindle-shaped endothelial cells and infiltrates of inflammatory cells (53) . A human gammaherpesvirus, KS-associated herpesvirus (KSHV), initially identified in a KS lesion from an AIDS patient (16) , has been convincingly linked to the development of all four clinical forms of KS, including classical KS, AIDS-related KS, African endemic KS, and immunosuppressed posttransplant KS (6) . KSHV genomes and encoded gene products are detected in the majority of spindle cells and sporadically in monocytes, macrophages, keratinocytes, and lymphocytes in KS tumors, but not in adjacent tissues or control tissues from patients without KS (5, 19, 22, 26, 34, 49, 60) . KSHV has also been associated with other lymphoproliferative diseases, including primary effusion lymphoma (PEL) and multicentric Castleman's disease (12) .
Like those of other herpesviruses, the life cycle of KSHV consists of latent and lytic phases (43) . Following primary infection, KSHV establishes latent infection in the host. During latent replication, KSHV expresses only a restricted number of genes, including latent nuclear antigen (LNA or LANA), vcyclin, v-FLIP, and kaposin. The latent virus can be reactivated into lytic replication by host or environmental factors, such as immunosuppression associated with iatrogenic organ transplantation, during which lytic-cycle genes are expressed, usually in a coordinated fashion. These include genes encoding structural proteins, such as viral capsid and tegument proteins; proteins that are essential for viral replication; and regulatory proteins. In KS lesions, the majority of spindle cells are latently infected by KSHV and expressed viral latent genes, suggesting an essential role of latent infection for the maintenance of persistent viral infection and the development of KS; however, a small number of spindle cells in KS lesions also undergo spontaneous lytic replication, expressing viral lytic proteins (4, 19, 22, 34, 47, 60, 61) . Many of these lytic proteins have regulatory functions which can modulate different cellular pathways and therefore have been proposed to have important roles in the initiation, promotion, and sustaining of KS tumors through an autocrine and paracrine mechanism (13, 15, 40, 42) .
Characterizations of KSHV have relied heavily on the growth of the virus in cell culture systems (43) . KSHV has been cultured through the isolation of cell lines from PEL, in which the virus is primarily maintained in latent replication but can be reactivated into lytic replication through induction with various chemicals, such as phorbol ester, 12-O-tetradecanoyl phorbol-13-acetate (TPA) (2, 8-10, 14, 21, 29, 30, 32, 37, 51, 62) . The ability to grow KSHV in PEL cell lines has been instrumental in the development of specific serologic assays (28, 29, 33, 59 ) and molecular characterizations of the virus (43) . Nevertheless, further understanding of the delicate viral and cellular interplay, particularly during primary viral infection, requires the establishment of a reliable primary infection system. Virus preparations from PEL cell lines and occasionally from KS tumors are infectious to several cell types, includ-ing monocytes, fibroblasts, lymphocytes, and keratinocytes (11, 27, 35, 41, 44, 48, 50, 63) . Nevertheless, primary-infection efficiencies in these cell types are usually low, and the cultures cannot sustain long-term virus growth. Several reports have documented KSHV infection of human primary endothelial cells (18, 25, 38, 45) . In the initial report, KSHV was shown to infect only a small number of cells in primary human bone marrow microvascular endothelial cell cultures and primary human umbilical vein endothelial cell (HUVEC) cultures, but the cells in infected cultures acquired a spindle shape and were maintained for Ͼ12 months while the control cultures underwent senescence within 3 weeks of culture (25) . It was proposed that the small number of infected cells provided a paracrine effect to sustain the cultures. Subsequent study showed that KSHV could infect primary human dermal microvascular endothelial cell (DMVEC) cultures and form colonies or plaques of spindle-shaped cells (18) . Again, the primary-infection efficiency in this system was low, even though the virus eventually infected the entire cultures after 2 to 3 weeks. Paradoxically, to sustain long-term KSHV infection, it was necessary to periodically replenish the cultures with uninfected endothelial cells at a ratio of 10 portions of normal cells to 1 portion of infected cells. To facilitate the manipulation of primary endothelial cells, HPV E6-and E7-immortalized DMVEC cultures were used as targets for KSHV infection (45) . In this system, the primary-infection efficiency remained low even though the virus also eventually spread to the entire cultures, which could now be stably maintained. More recently, KSHV infection of telomerase-immortalized microvascular endothelial (TIME) cells was shown to be extremely efficient, reaching the entire cultures within 2 to 3 days of infection; however, the infected cells were unable to sustain persistent KSHV infection, and the cultures quickly lost the virus after several passages (38) . The limitations, such as low primaryinfection efficiency and/or failure of long-term sustainability for virus growth, of the above-mentioned systems have restricted their use for KSHV characterization, especially viruscell interactions at the initial stage of infection. Furthermore, even in systems that can sustain persistent KSHV infection, the cultures are predominantly in the viral latent phase, with a small number of cells (1 to 10%) undergoing lytic replication (18, 45) . No active viral lytic replication has been observed in any stages of infection in these systems. Consequently, the lack of a productive permissive infection system has hampered the understanding of KSHV infection and replication. Recently, a recombinant KSHV, BAC36, has been obtained by cloning the full-length viral genome into a bacterial artificial chromosome (BAC) and recovering it in 293 cells (65) . Recombinant virions generated from BAC36 are highly infectious to 293 cells, with primary-infection efficiency close to 50%, which can be further enhanced using concentrated virus preparations. Although BAC36 can be stably maintained in 293 cells for several months, KSHV replication in 293 cells resembles that in other infection systems, in which it quickly establishes latent infection following primary infection without active productive lytic replication (65) . Here, we describe the establishment of a cell model using BAC36 to infect primary HUVEC cultures. We have observed ϳ90% primary-infection efficiency using concentrated virus preparations. We have found that, unlike other infection systems, efficient infection of HUVEC cultures by BAC36 is for permissive lytic replication at the early stage of infection, producing large amounts of infectious virions. Infected cultures form bundles of spindle-shaped cells, which are reminiscent of KS vascular structures, and establish latency at a late stage of infection.
MATERIALS AND METHODS
Cell culture and virus preparation. BCBL-1 and 293 cells harboring a recombinant KSHV, BAC36, have been described previously (65) . Primary HUVECs were obtained from Clonetics (Walkersville, Md.). BCBL-1 cells were cultured in RPMI 1640 medium supplemented with 10% fetal bovine serum (Sigma, St. Louis, Mo.), 50 g of gentamicin/ml, and 2 mM glutamine. 293 cells were cultured in Dulbecco's modified Eagle's medium supplemented with 10% fetal bovine serum, 50 g of gentamicin/ml, and 2 mM glutamine. HUVECs were cultured in endothelial cell growth medium (BulletKit; Clonetics) containing human endothelial growth factor, human fibroblast growth factor B, vascular endothelial growth factor, ascorbic acid, hydrocortisone, long R3-IGF-1, and heparin as instructed by the manufacturer. To induce KSHV lytic replication, the cultured cells were treated with 25 ng of TPA (Sigma)/ml for 2 to 6 days as previously described (65) . To concentrate the virus, supernatant from TPAinduced culture was centrifuged two times at 5,000 ϫ g for 10 min each time to eliminate cell debris, filtered through a 0.45-m-pore-size filter, and centrifuged again at 100,000 ϫ g for 1 h, using 20% sucrose as cushion. The final pellet was dissolved in culture medium overnight and adjusted to a desired volume. Undissolved debris was eliminated by centrifugation at 5,000 ϫ g for 10 min. All the procedures for virus concentration were handled at 4°C. Virus preparations used for this study were concentrated 10-fold and had titers of 8 ϫ cells/well were infected with 400, 150, 80, and 20 l of virus preparation/well, respectively. Since BAC36 contains a GFP cassette, GFP expression was used to monitor infection. For long-term cultures, the medium was changed every 2 days. For split cultures, the cells were trypsinized and passaged at a ratio of 1:3 every 3 to 4 days. Virus titration. Tested samples were subjected to twofold serial dilution. The diluted virus inocula (three to six repeats for each supernatant) were used to infect 293 cells at 4 ϫ 10 4 /well in a 96-well plate at 20 l/well as previously described (65) . The plates were examined with an inverted fluorescence microscope 30 h postinfection for the numbers of cells expressing GFP in each well. Wells inoculated with the last samples that had GFP-positive cells were used to calculate the virus titer of the undiluted original sample.
Analysis of KSHV gene expression. KSHV protein expression was detected by immunofluorescence assay (IFA) (29) . Cells were seeded in and allowed to adhere to four-chamber slides. The slides were fixed and permeabilized in 2% paraformaldehyde with 0.25% Triton X-100 in PBS for 5 min and then in 2% paraformaldehyde in PBS for 5 min. LNA encoded by ORF73 was detected with a rat anti-LNA monoclonal antibody (ABI, Columbia, Md.) and revealed with a rabbit anti-rat immunoglobulin tetramethyl rhodamine isothiocyanate conjugate (Sigma). Minor capsid protein (mCP) encoded by ORF65 was detected with a mouse monoclonal antibody and revealed with a rabbit anti-mouse immunoglobulin G tetramethyl rhodamine isothiocyanate conjugate (DAKO, Carpinteria, Calif.).
RESULTS
BAC36 infects primary HUVEC cultures at high primaryinfection efficiency. The full-length KSHV genome was previously cloned into a BAC (65) . Virus generated from the recombinant KSHV BAC36 can infect 293 cells at high efficiency. BAC36 has a GFP cassette, inserted at the PmeI site of the noncoding region between ORF18 and ORF19 of the viral genome, that can be conveniently used to monitor infection of cells by the virus. Since the spindle cells in KS tumors have been identified as endothelial cells (23, 64) , we wanted to determine whether BAC36 virus could efficiently infect primary human endothelial cells. BAC36 virus concentrated 10-fold by differential centrifugation was used to infect low-passage (Ͻ10) primary HUVECs. As shown in gesting that they either were never infected by the virus or, for unknown reasons, had lost GFP expression despite viral infection.
BAC36 infection of HUVEC cultures induces spindle conversion, morphology of neuronal cells, and bundles of spindle cells resembling KS vascular structures.
Other investigators have reported spindle conversion of endothelial cells by KSHV infection (18, 25, 38, 45) . BAC36 infection of HUVECs also resulted in drastic morphological changes. Spindle conversion was observed as early as 3 h postinfection and became obvious after 6 h postinfection (Fig. 1A, 3h and 6h). The alterations in cell morphology progressed rapidly. By 10 h, the majority of the infected cells had fully acquired spindle shapes (Fig. 1A,  10h ). The significant increase in cell length during spindle conversion was not at the expense of cell width; on the contrary, most cells had increases in width in addition to length. Thus, spindle conversion simultaneously resulted in an increase in overall cell size. By 16 h postinfection, the widths and lengths of the infected cells were about one to two and four to six times those of the cobblestone-shaped control cells (Fig.  1A, 16h ). In addition, some infected cells aligned into small groups (three to six cells), or bundles, that often overlapped with each other during the first 2 to 3 days of infection (Fig.   1A, 2d and 3d) . In contrast to the infected cultures, no obvious change in cell morphology and/or growth was observed for control cells, as expected, since the cultures were close to confluency at the time of mock infection (Fig. 1C) .
BAC36-infected HUVEC cultures continued to show morphological changes several days postinfection. The cell shapes became more longitudinal as infection progressed. By day 3 postinfection, some cells reached a length/width ratio of up to 30. Multiple branches in a single cell were also visible by day 3 and became more obvious by days 4 and 5 postinfection, forming network structures in the cultures. These cells had morphologies resembling those of differentiated neuronal cells. In some cases, cells from the entire culture or a large proportion of the culture appeared to be connected, forming a large network (Fig. 1A, 4d) .
We have also observed cell death by day 4 postinfection, which became severe by days 5 and 6 postinfection (Fig. 1A, 4d  to 6d) . A large number of the cells were dead by days 7 and 8 postinfection; however, a small number of the infected cells survived and continued to proliferate, resulting in the formation of foci or colonies in the culture (Fig. 1A, 7d and 8d ). Small foci of several spindle cells (5 to 20) were visible after 2 weeks postinfection (Fig. 1A, 15d to 23d) and continued to grow, forming larger foci (Fig. 1A, 28d and 35d) . In some cases, the foci occupied the entire cultures 1 month postinfection. Infected cells in the foci also maintained the spindle shape. At the late stage of infection (Ͼ23 days postinfection), the cells tended to grow into bundles, each containing a large number of spindle cells, which was reminiscent of the vascular structures in KS tumors (Fig. 1A, 28d to 35d) . The spaces between the spindle bundles were also reminiscent of the slitlike spaces in KS tumors.
Ciufo and colleagues have reported the observation of colonies or plaques consisting of KSHV-infected spindle cells in DMVEC cultures (18) . In their system, the primary-infection efficiency was low, and the cultures did not go through the cell death crisis. The morphology of the surrounding cells of the colonies also remained healthy, with cobblestone shapes. The foci that we have observed usually did not have surrounding cobblestone-shaped cells, since almost all cells were infected.
BAC36-infected HUVEC cultures were stably maintained for 4 to 5 months, a life span which was substantially longer than that of the mock-infected cultures, which went into senescence after 6 to 7 weeks of culture. Late-stage infected cultures continued to express GFP and were positive for LNA (see below), indicating that they were able to maintain KSHV infection. Nevertheless, infected cultures eventually went into senescence. Attempts to isolate immortalized clones have not been successful.
BAC36-infected HUVEC cultures maintained viral infection after consecutive passages by cell splitting. Previous studies have shown that KSHV can infect TIME cells at high primaryinfection efficiency; however, infected cells quickly lost the virus after several passages (38) . To determine whether BAC36-infected HUVECs can still maintain stable viral infection after passage, infected cultures were split every 3 to 4 days over a period of 35 days (10 passages). During this period, BAC36-infected HUVEC cultures maintained infection without losing the virus, as shown by the presence of GFP expression ( Fig. 1B and below) split at an early stage of infection (within 2 to 3 days), they were spared a cell death crisis. All the split cultures formed bundles consisting of large numbers of orderly aligned spindleshaped cells within 2 to 3 days after passage (Fig. 1B) . Similar to unsplit cultures, the split infected cultures were maintained for 4 to 5 months before going into senescence. The split infected cultures also continued to express GFP and were positive for LNA at a late stage of culture. Expression of KSHV latent-and lytic-cycle proteins in BAC36-infected HUVEC cultures. To determine KSHV latent and lytic replication in BAC36-infected HUVEC cultures, we examined the expression of the KSHV latent-cycle protein LNA and lytic-cycle protein mCP by IFA with the respective specific monoclonal antibodies. On day 2 postinfection, the majority of the cells (ϳ80%) already expressed LNA ( Fig. 2A) , while only 3 to 5% of the cells expressed mCP (Fig. 2B) . However, continuous examination of the cultures revealed that the number of cells expressing mCP quickly increased, reaching 45% by day 5 postinfection, while the number of cells expressing LNA remained high (80 to 95%) ( Fig. 2A to C) . Since mCP is a viral capsid protein that is expressed at a late stage of virus lytic replication, these results indicated that close to half of the infected cells were in active lytic replication. It is worth noting that active lytic replication coincided with or preceded the period of cell death crisis. It is unknown whether the observed high number of cells expressing LNA and low number of cells expressing mCP on day 2 postinfection reflected a status of KSHV transient latency or simply rapid LNA expression during primary infection.
Further examination of the infected cultures revealed that the percentage of BAC36-infected HUVECs expressing LNA remained high after day 5 postinfection, while the percentage of mCP-positive cells started to decrease, reaching Ͻ3% after day 15 postinfection and remaining at this low level for the rest of the culture period. These results indicated that the majority of the infected cells were in latent replication after day 15 postinfection. It remains to be determined whether the cells that survived the cell death crisis were in viral latent-replication status at the time of the crisis or were at viral lytic replication but had by then switched into latent replication. The detection of the majority of the cells in latent replication and a small percentage of cells undergoing spontaneous lytic replication at a late stage of infection is reminiscent of KS tumors and is concordant with other culture systems (18, 25, 38, 45, 65) .
To test the inducibility of BAC36-infected HUVEC cultures for lytic replication, we treated the cells with TPA at 25 ng/ml for 2 days and examined the expression of LNA and mCP. Induction of the infected cells on day 2 postinfection increased the percentage of cells expressing mCP from Ͻ5 to 45% (Fig.  2B and D) . However, since the percentage of mCP-positive cells had already reached 45% in parallel uninduced cultures ( Fig. 2B and C) , it appeared that TPA treatment did not further enhance viral lytic replication at this specific time. Nevertheless, induction with TPA on day 5 (examined on day 7) postinfection increased the percentage of mCP-positive cells to 60%, and the percentage remained higher than that in the uninduced cells (29 versus 18%) until day 10 postinfection, although the overall percentage of mCP-positive cells also decreased quickly after day 5 postinfection, similar to uninduced cultures ( Fig. 2C and D) . These results suggest that TPA treatment indeed induced lytic replication in a subset of the cells from days 5 to 10 postinfection. The percentage of mCPpositive cells in TPA-induced cultures decreased to 3% by day 15 postinfection, which was the same level as in uninduced cultures, and remained at this level at subsequent time points (Fig. 2C and D) .
Virus production in BAC36-infected HUVEC cultures. Because we have observed high levels of KSHV lytic protein expression in BAC36-infected HUVEC cultures at the early stage of infection, we further determined whether the lytic replication was productive by measuring infectious virus in the culture supernatants. We took advantage of the GFP cassette in the BAC36 genome and developed an assay to quantitatively determine the numbers of infectious BAC36 virions in the culture supernatants. We calculated the average number of 293 cells expressing GFP in one well (GFP-expressing cells/well) in a 96-well plate inoculated with the tested supernatant and converted it to GFP-expressing cells/ml. Figure 3 is an example of the use of this assay to determine the titer of a supernatant sample from a BAC36-infected HUVEC culture. The supernatant was subjected to twofold serial dilution, and each of the diluted samples was tested in a 96-well plate previously seeded with 293 cells. Although an almost linear curve was obtained when the number of GFP-expressing cells/well was converted to a log 2 scale (Fig. 3B) , the actual number of GFP-expressing cells/well did not have a linear correlation with the dilution (Fig. 3A) . At high virus titer (when the supernatant was diluted Ͻ32-fold), the number of GFP-expressing cells/well decreased less rapidly than the actual dilution, suggesting that infection might have occurred at Ͼ2 multiplicities of infection; however, at low virus titer (when the supernatant was diluted Ͼ64-fold), the number of GFP-expressing cells/well correlated almost linearly with the actual dilution (Fig. 3A) . Therefore, samples at higher dilution but still able to infect 293 cells are likely more reliable for calculating the virus titer of the undiluted original sample. Using this assay, we determined the titers of the virus preparations used in this study to be ϳ8 ϫ 10 5 to 10 ϫ 10 5 GFP-expressing cells/ml. We then determined the virus titers in the BAC36-infected HUVEC cultures. On day 1 postinfection, a low level of virus at an average of 5 ϫ 10 3 GFPexpressing cells/ml was observed in the supernatants of the infected cultures (Fig. 4A) . Since there was minimal expression of viral lytic protein at this time ( Fig. 2B and C) , the low virus titers picked up by the assay were unlikely to come from viral lytic replication; instead, they were the virions from the inocula attached to the cells, though we washed the plates three times after the initial inoculation period. The amount of virus produced was increased to an average of 3 ϫ 10 4 GFP-expressing cells/ml on day 3 postinfection and reached a peak on day 5 postinfection (average, 8 ϫ 10 4 GFP-expressing cells/ml) (Fig.  4A) . These results were in concordance with the expression of viral lytic protein (Fig. 2B and C) and reflected active viral lytic replication at the initial stage of infection. After day 5 postinfection, the production of virus started to decrease, and it approached zero after day 15 postinfection (Fig. 4A) .
The results of virus production in BAC36-infected HUVEC cultures induced with TPA were also in concordance with the expression of viral proteins. Maximum virus production was observed on day 4 postinfection (average, 7.2 ϫ 10 4 GFP-expressing cells/ml) but did not surpass that of parallel uninduced cultures (Fig. 4) . These results suggest that the uninduced cultures were already under full lytic replication at the peak of viral lytic replication, and TPA treatment did not further increase viral lytic replication. Similar to uninduced cultures, virus production quickly decreased after the peak, but it appeared that slightly more virus was produced than in uninduced cultures, particularly from days 12 to 17 postinfection (average, 9 ϫ 10 3 GFP-expressing cells/ml on day 12 and 5 ϫ 10 3 GFP-expressing cells/ml on day 17 versus 5 ϫ 10 3 GFP-expressing cells/ml on day 12 and 1 ϫ 10 3 GFP-expressing cells/ml on day 17) (Fig. 4) . Almost no virus production was observed with TPA treatment after day 21 postinfection (Fig.   4B ). These results again suggested that KSHV had established latency after day 15 postinfection and that the latently infected cultures were not responsive to TPA induction for lytic replication.
Viral replication in split BAC36-infected HUVEC cultures resembled that in late-stage unsplit cultures. Since early split BAC36-infected cultures did not go through cell death crisis and quickly formed bundles of spindle cells, we were interested in determining the status of viral replication in these cultures. IFA showed that almost all cells expressed LNA, while a small percentage of the cells (3 to 5%) also expressed mCP (data not shown). Virus titration showed production of minimal virus in the supernatants of these cultures (data not shown). These results indicated that BAC36-infected HUVEC cultures pas- 
Passage of BAC36 virus to new cultures by de novo infection.
To determine whether virions produced in BAC36-infected HUVEC cultures during active viral lytic replication can be continuously passaged in cell cultures by de novo infection, we used supernatants collected at the peak of lytic replication (day 5 postinfection) to infect new HUVEC cultures after concentrating them fivefold. By day 2 postinfection, Ͼ50% of the cells in the newly infected HUVEC culture expressed GFP. Supernatants from the second-generation cultures were again collected on day 5 postinfection and used to infect new HUVEC cultures. A total of five such serial de novo infection passages were carried out. In each case, we were able to observe ϳ40 to 50% primary-infection efficiency in HUVEC cultures on day 2 postinfection, indicating that the virus can be efficiently passaged in HUVEC cultures.
DISCUSSION
We have established a KSHV infection cell model by using a recombinant KSHV, BAC36, to infect primary HUVEC cultures. KSHV replication in this system can be divided into two phases: a permissive phase, which is at the early stage of infection with close to half of the cells in active viral lytic replication, and a latent phase, which is at the late stage of infection with most of the infected cells in viral latent replication. This system has the following unique features: (i) high primaryinfection efficiency; (ii) active productive viral lytic replication at the early stage of infection; (iii) induction of a large number of cell deaths in the permissive phase with a small number of cells surviving the crisis, continuing to proliferate, and eventually establishing viral latent infection; (iv) infected cells sustaining KSHV infection after long-term culture and/or cell passages by cell splitting; and (v) BAC36 infection converting primary HUVECs into KS-like spindle cells, which form bundle structures at both early and late stages of infection.
A critical stage in viral infection is the primary infection period, during which the fates of the virus and the infected cells are determined: on one hand, the cells mount antiviral defense mechanisms in an attempt to clear the invader; on the other hand, the virus employs specific strategies to evade cellular antiviral defenses or alter cellular environments to favor its own replication. In order to examine the early events of viral infection, it is essential to establish an infection cell model that has high primary-infection efficiency. Although KSHV has previously been shown to infect primary human endothelial cells, the primary-infection efficiencies were low (18, 25, 45) . KSHV primary infection of TIME cells was very efficient, but the infected cells lost the virus after several passages (38) . Because of the immortalized nature of the TIME cell line, its use for investigating cellular immortalization and transformation is limited. In our system, primary infection of HUVECs is highly efficient, reaching 90% of the cells in the cultures (Fig. 1) . BAC36 infection prolongs the life span of the primary HUVEC cultures to 4 to 5 months, during which the cultures maintain stable BAC36 infection, compared to a life span of 6 to 7 weeks for the uninfected cultures. BAC36 infection in the infected cultures is also stable after cell passages by cell splitting. This efficient infection cell model should allow the analysis of the sophisticated interplay between KSHV and cells, such as viral manipulation of cell cycle progression and the expression kinetics of viral and cellular genes, which can provide insight into viral replication and altered cellular pathways during primary infection.
All previously reported KSHV infection systems do not support permissive KSHV lytic replication (11, 18, 25, 27, 35, 38, 41, 44, 45, 48, 50, 63, 65) . In these systems, KSHV establishes latent infection without going through active lytic replication following primary infection. In contrast to these reported systems, highly efficient infection of HUVECs by BAC36 is lytic replication permissive at an early stage of infection. This conclusion is supported by the following evidence: (i) close to half of the cells in BAC36-infected HUVEC cultures expressed the KSHV lytic-cycle mCP gene (Fig. 2B and C) , (ii) infected cultures produced large amounts of infectious virus at the peak of active lytic replication (Fig. 4A) , and (iii) TPA induction can hardly enhance viral lytic replication (Fig. 2B to D and 4) . The establishment of this lytic-replication-permissive infection system should be useful for examining KSHV lytic replication and the functions of KSHV genes.
Several reports have described spindle conversion of human primary endothelial cells by KSHV (18, 25) . We have observed spindle conversion of BAC36-infected HUVEC cultures as early as 6 h postinfection and continuing throughout the infection period (Fig. 1A) . Early spindle conversion was also associated with significant increase in cell size, suggesting active protein and DNA synthesis, activities seen at S phase of the cell cycle, in the infected cells. In fact, KSHV infection of primary HUVEC cultures indeed promotes cell entry from G 0 -G 1 into S phase (unpublished data). Following rapid spindle conversion and cell size increase at the early stage of infection, we have observed cell death in a large number of cells at and after the peak of KSHV active lytic replication (Fig. 1A, 6d to 8d) . Thus, KSHV infection appears to drive primary HUVECs into S phase and to induce cell death. A number of other herpesviruses have been shown to regulate the cell cycle to favor their replication (20, 36, 58) . KSHV appears to exploit a similar strategy.
A small number of cells survived the cell death crisis occurring during active viral replication (Fig. 1A, 15d) . The survival of these cells is particularly important because they are the cells that continue to proliferate and eventually establish latent infection in the cultures. At this point, it is unknown whether the surviving cells remain latent or undergo lytic replication during the permissive phase. Understanding the mechanisms preventing the death of these cells, and those controlling the switch from lytic to latent infection in the cultures, might provide insight into the development of KS tumors.
It is intriguing that BAC36-infected HUVECs also developed morphology similar to that of neuronal cells, with multiple branches at the early stage of infection (Fig. 1A, 4d and  5d ). It remains to be determined whether infected cells at this stage indeed express markers of neuronal cells and respond to extracellular neuronal signaling. Specific signaling of neuronal cells has been demonstrated in other types of cancers and implicated in their development (17, 31, 39, 52) .
How does KSHV modulate cellular pathways to alter cell morphology and regulate cell cycle progression? The cell receptors of KSHV have been identified to be ␣3␤1 integrins and possibly some other types of integrins (1) . Binding of KSHV to its receptors can activate the MEK/ERK pathway (46) and possibly other MAPK pathways, which could be the molecular basis by which infected cells undergo alterations of morphology and cell cycle progression at the early stage of viral infection. Activation of MAPK pathways has been shown to accelerate cell entry into S phase of the cell cycle and cell polarization (7, 24, 56, 57) . Nevertheless, the initial binding of KSHV virions to the receptors is unlikely to be a factor for long-term maintenance of the spindle shapes of the infected HUVEC cultures, particularly at the late stage of infection, which manifests minimal production of infectious virus (Fig.  4A) . In KS tumors, the majority of the tumor cells are in latent replication, with a small number of them undergoing spontaneous lytic replication (4, 19, 22, 34, 47, 60, 61) . It has been proposed that these lytically infected cells produce regulatory products, such as viral interleukin-6, that could have autocrineparacrine signaling effects on the cells. In our cell model, almost all cells were latently infected by KSHV at the late stage of infection, with minimal cells undergoing lytic replication, which is reminiscent of KS tumors. Similar observations were reported in other culture systems (18, 25, 45, 65) . Therefore, inflammatory cytokines produced through autocrine-paracrine loops of KSHV lytic-replication products are possible factors for maintaining the spindle shape of the infected cells. Nevertheless, conditioned media from BAC36-infected HUVEC cultures at the late stage of infection do not induce spindle conversion (unpublished data). Furthermore, BAC36-infected HUVEC cultures quickly regained spindle shapes after cell splitting, a procedure that gives the cells round shapes and at the same time eliminates any virus-induced autocrine and paracrine factors from the cultures. In Ciufo's system, although a small number of the infected cells also undergo spontaneous lytic replication, uninfected cells surrounding the spindle cell colonies remain in the cobblestone shape, arguing against the paracrine theory (18). For the above reasons, we propose that a KSHV latent gene(s), which we named the spindle gene(s), was the determinant for maintaining the spindle morphology of KSHV-infected endothelial cells. The expression kinetics of this gene(s) is also likely to influence the switch from viral lytic to latent replication in the infected cultures. A final answer to the question of whether viral lytic replication is necessary for maintaining the spindle morphology and sustaining KSHVinfected cultures could only be determined by generating a KSHV mutant with the deletion of a viral gene, such as that for RTA, that is essential for the activation of viral lytic replication and examining it in an infection system of primary endothelial cell cultures.
KS tumors have distinct vascular structures of spindle cells. We have observed bundle structures of BAC36-infected HUVEC cultures which are reminiscent of KS vascular structures at both early and late stages of infection (Fig. 1A) . Large bundle structures are particularly prominent at the late stage of infection and consist of KS slit-like spaces (Fig. 1A, 28d and  35d ). It will be important to further identify the cell adhesion molecules that are involved in the formation of bundle structures after viral infection. It is interesting that BAC36-infected cultures split at an early stage of infection behaved like unsplit cultures, which were spared a cell death crisis and quickly acquired large bundle structures, at a late stage of infection.
The alterations of cell adhesion molecules and related signaling pathways after cell splitting could contribute to the rapid morphology transition of the split cultures in this case. It is worth noting that viral replication in the split cultures was also similar to that of unsplit cultures at a late stage of infection, which was predominantly in the latent phase. It appears that large bundle structures are associated with viral latent infection, which could also be regulated by signaling pathways of cell adhesion molecules.
Why is our infection system lytic replication permissive at an early stage of infection, which has never been described before? Obviously, virus sources and procedures for preparing virus stocks and cell cultures could all contribute to the differences between our system and those of others. First, we have shown that cell splitting at an early stage of infection can affect virus replication. We cannot determine whether the cultures are split at an early stage of infection in other systems. Second, the primary-infection efficiency in our system is high, while those of most other systems are low. It is possible that lytic replication also occurs at the early stage of infection in other systems. Indeed, cell death and/or cytopathic effect, indications of likely viral lytic replication, have been observed at early stages of infection in some of these systems (25, 27) . However, since the primary-infection efficiency is low, virus production in the cultures could also be low and thus be ignored. In addition, the level of viral lytic replication and infectious-virus production has not always been examined in other systems. KSHV infection of TIME cells has a high primary-infection rate; however, infected cells appear to quickly establish latent infection without active viral lytic replication (38) . Third, genetic variations of the virus sources could also account for the differences. Defective viruses, in some cases named defective interfering virus because of their ability to interfere with the replication of wild-type virus, have been well documented for other herpesviruses (3, 54) . Both genomic rearrangements and deletions can result in the generation of defective viruses. For example, the KSHV genome in the BC-1 cell line is rearranged and contains a viral genome of 250 kb instead of the predicted 180 kb. The BC-1 genomic sequences are duplicated both in the long unique coding region and the terminal repeat region (55) . During viral lytic replication, these viral genomes probably have to be rearranged in order to be effectively packaged to generate infectious virions. Lytic-replication-defective viruses have been found in cultures of three other PEL cell lines and isolated cell cultures that exclusively harbor the defective viruses (J. H. Deng, Y. J. Zhang, and S.-J. Gao, presented at the 3rd International Workshop on Kaposi's Sarcoma-Associated Herpesvirus and Related Agents, 6 to 10 July, 2000, and unpublished data). One of the defective viruses has a deletion of 87 kb in the genome and is defective in viral lytic replication (Deng et al., 3rd International Workshop on Kaposi's Sarcoma-Associated Herpesvirus and Related Agents). If high numbers of defective viruses are present in the cultures (even infectious virions can still be obtained after complementation by helper viruses) it is likely that the virus preparations are of low quality. Even though high primary-infection efficiencies could be achieved with these virus preparations, the majority of the de novo-infected cells might still have received the defective genomes, which would result in defective viral lytic replication. The use of BAC36 can certainly avoid these potential problems because it contains the full-length KSHV genome without genetic rearrangements and deletions (65) .
Finally, what are the meanings of the results observed so far from our cell model for KSHV infection in vivo and the development of KS? First, active lytic replication at the early stage of infection can certainly generate large numbers of virions and facilitate the spread of virus to other cells. Second, spindle conversion and the acquisition of neuronal cell morphology with multiple branches at the early stage of infection can also facilitate the spread of virus, as well as molecular signaling to other cells to favor viral infection. Third, for longterm infection, latent infection is probably the best way for the virus to establish persistent infection in the host and also likely the best way to avoid host immune systems. Fourth, in concordance with the observation that KS is a highly angiogenic tumor, KSHV-induced large bundle structures at the late stage of infection can not only continue to facilitate virus spread but, more importantly, secure connections to other cells or sources of nutrition and sustain the growth of cells that in return nurture the latent viruses. A somewhat disappointing but no less interesting result is the failure to obtain permanent KSHV-immortalized primary HUVEC cultures. However, this outcome might reflect the true scenario in vivo, in which dominant KSHV latent infection, possibly in combination with sporadic lytic replication, is the driving force for the growth of the angiogenic KS tumors, at least at the early stage of KS development.
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